1. Introduction {#sec1}
===============

At the heart of every photovoltaic device is a mechanism for photon-to-electrical transduction. Ideally, the device should capture light across a broad spectrum and efficiently transfer the energy of photons to the electrons. Current dye-sensitized solar cell (DSSC) designs^[@ref1]−[@ref3]^ have achieved efficiencies of over 10% but make use of expensive, toxic compounds (e.g., Ru-based dyes) and comprise a reactive liquid electrolyte, leading to potential sealing and aging/degradation problems of the solar panels. In 2003, McFarland and Tang proposed a design shown in Figure [1](#fig1){ref-type="fig"}, which removes the need for the liquid electrolyte,^[@ref4]^ although an inefficient absorbing layer remained as a component of their system, keeping the efficiency at the 1% level.

Photosynthesis involves the most advanced and efficient system nature has crafted to convert solar energy into an electrical potential and into chemical compounds for energy storage. Biosolar and biofuel cells represent the emerging frontier in the development of green energy sources. In recent years, Thavasi et al.^[@ref5]^ reported several advances for the feasibility of bacteriorhodopsin (bR) as biophotosensitizer in excitonic solar cells. The protein bR has been the focus of development for technological applications in information storage, excitonic solar cells, and sensors.^[@ref5]−[@ref7]^ This integral membrane protein from purple membranes (PMs) of bacteria *Halobacterium salinarum* shows a high yield of expression, high thermal and chemical stability, and good charge separation on photon absorption. The intrinsic stability of bR is unusually high compared with other proteins found in archaebacteria. Essentially, the capability of bR to complete photoconversions with no loss of its photonic properties is far beyond the capacity of any synthetic material. These intrinsic properties have made this protein an excellent candidate with attractive physical functions, which can be used in nanoscale devices. While bR acts as a light-driven proton pump during charge separation on photon absorption, electron ejection occurs concurrently. Because of the later property of bR, it is logical to leverage its application in excitonic solar cells. Its light-induced electrical signal possesses a very fast rise time on the order of picoseconds, and its quantum efficiency is high (∼0.64).

Protein engineering has created an extensive library of bR mutants with each mutant designed for specific technological application. There are at least two classes of bR mutants suited for solar cell application. One class of such mutants was developed to facilitate charge separation through mutating Glu residues with side chain's negative charges to Gln residues. Four negatively charged glutamate side chains, Glu9, Glu74, Glu194, and Glu204^[@ref8]^ are located in the extracellular (EC) region of bR.^[@ref9]^ This has led to a bR triple mutant E9Q/E194Q/E204Q bR, which has been used in the construction of excitonic solar cells.^[@ref5]^ Furthermore, it was found to transfer electrons from the redox electrolyte to the anode better than wild-type bR, thus enabling it to be used as a photosensitizer. One of the specific requirements for using naturally occurring organic molecules in technological devices is their structural and functional stability in a wide range of temperature (up to 80 °C) and pH. Because a wild-type bR lacks Cys residue often necessary for PM immobilization and orientation, the mutants with the Cys-residues in positions 3, 36, and 247 of bR amino acid sequence were engineered. At least three Cys-bR mutants (T247Cys bR, D36Cys bR, and Q3Cys bR) appear to be promising for excitonic solar cells because Cys residues are amenable to covalent linking to Au through their sulfhydryl group. Gold plays an important role in facilitating ballistic electron transport through interfaces.^[@ref10]^

While there are many different materials^[@ref11]^ and configurations designed to achieve the DSSC effect, the biosensitized solar cell (BSSC)^[@ref5],[@ref12],[@ref13]^ has an advantage of the use of low-cost and environmental friendly biomaterials able to enhance the energy-transfer efficiency.^[@ref14]^

A new BSSC design consists of two key components, which implement the energy-transfer step, namely, a hybrid material engineered from protein bR and quantum dots (QDs) to absorb and trap the photon energy^[@ref15]−[@ref18]^ and a thin layer of gold (Au) to produce the ballistic electrons and recycle the retinol fragment in bR. The transfer of light energy absorbed by QDs to bR occurs first via an efficient Forster resonance energy transfer (FRET)^[@ref19]^ and further, from bR-QD to Au, via a nonradiative "Auger-mediated de-excitation" (AMD) in the Au layer.^[@ref20],[@ref21]^

![(a) Planar structure of the solid-state photovoltaic device. (b) Illustration of a nanowire array showing the conductive core, covered, respectively, by TiO~2~ (or ZnO) semiconductor metal oxides, Au, and QD-bR dye layers. Panel c illustrates how the nanowire array can be packaged to include a lower transparent electrode, a transparent polymer matrix to provide mechanical stability and flexibility, and a top reflective electrode. The polymer matrix can include particles with index of refraction differing from the matrix to further enhance internal reflections.](jp-2014-02885s_0002){#fig1}

The enhanced thermal stability of bR and its mutants, accomplished by rational site-directed mutations,^[@ref22]^ is yet another transformative element of the BSSC.

The operation of these three key transformative BSSC paradigms holds great promise for construction of robust and efficient electrolyte free solid-state photovoltaic devices illustrated in Figure [1](#fig1){ref-type="fig"}. In this device, photons hitting the layer of dye molecules cause excitation, which results in electrons being injected into the gold layer. The electrons can move in a ballistic way across the thin gold film and over the Schottky barrier into the conduction band of the TiO~2~ layer. If instead the electrons lose energy in the gold layer (becoming "thermalized"), they are no longer energetic enough to cross the Schottky barrier. An advantage of this device is that the excited bR/QD layer is automatically regenerated by electron donation from the gold film. For the sake of simplicity, initial trials toward this effort are with planar structures similar to that of McFarland and Tang (Au/TiO~2~/back contact). These exploratory investigations can be then followed by the fabrication of a nanowire array composed of a Au-coated semiconducting metal oxide (TiO~2~ or ZnO), coated in turn with the hybrid QD-bR proteins; see the bottom of Figure [1](#fig1){ref-type="fig"}. This more complex morphology will serve to markedly increase the active area, significantly reduce losses due to reflectivity, given that photons penetrating into the mesoporous or nanowire forest will exhibit multiple reflections within the array, and ultimately be absorbed, as demonstrated recently by Atwater and coworkers for Si nanowire arrays.^[@ref23]^ This arrangement also offers more tunable mechanical properties. In practice, anodization of Ti foils can be used to prepare the TiO~2~ nanotubes,^[@ref24]^ while Au films can be applied to the oxide nanowires by either thermal evaporation or electrodeposition.^[@ref25]^

A roadmap toward a radical improvement in solar cell efficiency using the recent innovations in the BSSC paradigm previously introduced is presented in this paper. Section [2](#sec2){ref-type="other"} summarizes first-principles computational methods to predict the efficiency of the sensitized solar cells. Section [3](#sec3){ref-type="other"} introduces the new absorbing hybrid layer composed with QDs and bR, whereas the technical details to prepare the absorbing layer and advanced approaches to characterization of the functional and structural properties of this layer are presented in Sections [4](#sec4){ref-type="other"} and [5](#sec5){ref-type="other"}, respectively. The conclusion, outlook, and perspectives of the creation of solid-state photovoltaic device with efficiency increased to practical levels are given in Section [6](#sec6){ref-type="other"}.

2. Quantum Design of Sensitized Solar Cell {#sec2}
==========================================

Quantum calculations are useful here because they can deal with electronic effects, electron delocalization, charge-transfer, and other phenomena, which are otherwise difficult or impossible to treat at the level of classical mechanics. Ab initio (or first-principles) calculations are an attempt to solve the Schrödinger equation, making approximations as needed. The first approximation (the Born--Oppenheimer approximation) is that the nuclei do not move much, relative to the electrons. Thus, the nuclei are fixed in space, and the calculation is to determine the distribution of electrons around the nuclei, orbital by orbital. Standard ab initio approaches are density functional theory (DFT) and quantum Monte Carlo (QMC). The DFT deals with the electron density, while the QMC directly uses the many-body wave function of the system. Extensive DFT and time-dependent DFT study of the DSSC sensitizer (QD or dye) have been performed, investigating various effects on the electronic structure and optical properties of the system.^[@ref26]^ The highly precise QMC methodology developed to study many-body wave functions is also used to test the DFT results.^[@ref27]^ Thus, first-principles simulations are used to extract the electronic characteristics needed to design new photovoltaic cells. The calculated wave functions and energy levels yield rates and efficiencies of various photovoltaic processes. For example, we have performed a DFT calculation for the retinal protonated Schiff base (RPSB) chromophore of bR using the 6-31G\*\* basis set and the B3LYP exchange-correlation potential.^[@ref28]^ The energy *E*~g~ between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of retinal in bR is ∼2.6 eV. At the Hartree--Fock level, this energy is 7.9 eV; therefore, correlation effects play an important role on the gap size. The chromophore can be stabilized in the bR by the HOMO--LUMO interaction with the protein environment. As a result, the HOMO--LUMO gap of the chromophore is expected to shrink inside the tight bR protein pocket. These results can be checked with X-ray photoemission spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and ultraviolet photoemission spectroscopy (UPS).^[@ref28]^

In general, the ultimate efficiency for solar cells can be written as *F*~0~ = *E*~g~*Q*~s~/*P*~in~, where *E*~g~ is here the energy needed to produce one electron--hole pair, *Q*~s~ is the number of photons per unit of time with energy higher than *E*~g~, and *P*~in~ is the total incident power. In a typical solar cell, however, the efficiency *F* is a fraction of *F*~0~ given by *F* = *t*~s~*rmF*~0~ (Shpaisman et al., 2008). Here *t*~s~ is the probability to produce an electron--hole pair from a photon with energy *E*~g~ (or higher). The probability *t*~s~ depends on the size of the active absorption layer; the quantity *r* = *V*~oc~/*E*~g~ is the ratio of the open-circuit voltage *V*~oc~ and the band gap; and *m* is the impedance matching factor depending on internal cell resistances. To arrive at a more efficient system, we must simultaneously optimize all parameters (*F*~0~, *t*~s~, *r*, and *m*). Ideally, the ratio *r* should be close to one if the energy losses are minimized in the charge-separation process.

The electron and positive hole once formed must be separated to avoid rapid charge recombination between the electron and hole. The basic idea is to move electrons from one side of a compound to the other side as quickly and as efficiently as possible so that the positive and negative charges become spatially remote. The AMD^[@ref20],[@ref21]^ shown in Figure [2](#fig2){ref-type="fig"} is an efficient quantum mechanism to separate the charge by transferring the energy from the dye (donor) to the substrate (acceptor) through a single step, and it is similar to a photoelectric effect involving virtual photons. Because the photons are virtual, the selection rules do not apply; therefore, the rates are usually large and thus the injection time is short. In the energy band structure of the device shown in Figure [1](#fig1){ref-type="fig"}, *E*~F~ is the Fermi level (in the dark) and *E*~qF~ is the quasi-Fermi level under illumination. Thus, we have *V*~oc~ = *E*~qF~ -- *E*~F~ and the parameter *r* can then be calculated from first-principles simulations.

Positron annihilation spectroscopy combined with first-principles simulations has already revealed unique information regarding the surface of nanostructured materials forming the McFarland--Tang device of Figure [1](#fig1){ref-type="fig"}.^[@ref29]−[@ref31]^ Therefore, further simulations validated by several experiments can illuminate routes toward 15% efficiency for DSCCs and BSSCs.

![Schematics of the Auger-mediated de-excitation mechanism to separate the charge by transferring the energy from the dye (donor) to the substrate (acceptor) through a single step.](jp-2014-02885s_0003){#fig2}

3. Active QD/bR Absorption Layer with Controlled Forster Resonance Energy Transfer Efficiency {#sec3}
=============================================================================================

In this section, we seek to develop an absorbing layer to funnel the energy flow by a combination of electronic, optical, and excitonic means.^[@ref32]^ The goal of efficient energy transfer can be achieved by designing a hybrid layer composed of QDs and bR. The mechanism for this transfer in the QD/bR layer relies on the near-field resonance of electric dipoles and is generally known as FRET. In its simplest formulation, FRET is the quantum version of a classical resonance phenomenon, whereby oscillating electric dipoles exchange energy through their mutual electric fields.

In a recent work,^[@ref19]^ we have revisited the analysis of the rate and efficiency of FRET in the context of a donor and an acceptor species with comparable electronic energy gaps. In our model, the coupling elements QD and bR are governed by point-dipole/point-dipole coupling. Our approach uses density matrix formalism linking Perrin's coherent FRET calculations (performed 14 years before Forster's work) to the standard incoherent hopping dynamics derived by Forster from Fermi's golden rule. To introduce the vibronic coupling in bR, we have proceeded by analogy to the derivation of the line shape of a resonance. We have used the fact that a resonance is a perturbation of an embedded eigenvalue in continuous spectrum. Thus, we assume that the probability amplitude of the bR exciton in the diagonal energy representation is given as the square root of a Lorentzian. The width γ of this Lorentzian characterizes the vibronic coupling and determines the lifetime of the exciton. Thus, in the present scheme, the vibronic coupling always produces decoherence. Our model applies in situations where the donor molecule (QD) is rigid, with weak coupling between its electronic and vibronic states, while the acceptor (bR) has strong electronic-vibronic coupling in its excited state. In this situation, the model is exactly solvable and thus allows a comparison with the incoherent limit derived by Forster and others. In particular, we have derived exact formulas for FRET efficiency and the Forster radius, and we compare these with the well-known Forster formulas. Furthermore, the model is fully quantum mechanical and predicts coherent oscillations between donor and acceptor when the parameter γ is small. An important goal of the first-principles simulations is to calculate parameters for our exact model that can predict the Forster radius in the engineered protein bR and semiconductor QD hybrid material.^[@ref17],[@ref18]^ This material is important because it might provide an efficient active absorption layer for a new type of biosolar cell. In fact, our recent experimental work^[@ref18]^ has shown that the QD/bR system can provide FRET efficiencies substantially exceeding the values predicted by the classical FRET theory formulated by Forster.

The use of QDs as photoabsorbers is well studied, and several advantages are clear. The most prominent is the ability to tune the absorption spectrum by modifying the size and morphology of the QD. However, current photovoltaic devices using QDs suffer from low efficiency, which is partially related to the re-emission by the QDs of the absorbed light through fluorescence, resulting in photocurrent losses. If the QD absorption layer is replaced by a hybrid layer composed of QDs and bR molecules, the fluorescence emission of QDs can be selected to ensure maximal spectral overlap with bR absorption. In this architecture, the complexes are engineered in such a way that each QD is coupled to one bR trimer, thus providing both spatial and optical bR/QD coupling. This design ensures minimal spatial distance between donor (QD) and acceptor (bR) and maximal spectral overlap between donor fluorescence and acceptor absorption: two conditions guaranteeing maximal efficiency of resonance energy transfer in bR/QD hybrid material.^[@ref16]−[@ref18]^ This results from the optical coupling between the QD and bR, which converts re-emission of light from the QD within its energy nonradiative transfer to bR, and thereby increases the amount of trapped incident energy available for conversion to photocurrent. As previously mentioned, the mechanism for this coupling is based on FRET, which provides an efficient avenue for energy transfer between molecules separated by distances of up to 15 nm.^[@ref18]^ In this case, a correct treatment of *quantum coherence* plays a key role in the optimization of this process.^[@ref19]^ Furthermore, bR is known as an efficient trap for light energy, effectively locking the energy in place by a conformational distortion of the retinal molecule due to cis--trans isomerization. Thus, the QD acts as the antenna and the bR acts as the storage device. Our previous studies^[@ref3]^ have demonstrated that bR alone can play the role of the dye in an initial version of the BSCC. Another previous work^[@ref12]^ estimated that the maximal theoretical efficiency for a bR cell could reach 25%, which is comparable to silicon. Moreover, this work also reported that the average specific power for bR is 2103 W/kg compared with 32 W/kg in Si. Such a large number suggests the possibility to store a large amount of excitons in bR, making the absorbing layer very efficient. The QDs can be tailored to re-emit the absorbed light at the wavelength that is most efficiently absorbed by bR, thus increasing the quantity of solar energy captured. Therefore, when QDs are attached to bR, one expects a substantial increase in the bR/QD photovoltage over that of just bR.^[@ref17],[@ref18]^

The bR within its natural PM can be visualized with an atomic force microscope (AFM), as illustrated in Figure [3](#fig3){ref-type="fig"}, where the PM was deposited on a mica. Highly oriented monolayers of bR in PM form^[@ref33]^ can be obtained by the reaction of bR-Q3C with a gold surface through the covalent coupling of Cys-residues introduced in the amino-acid sequences of the bR mutants (as previously explained). The FRET coupling between QDs and bR can be controlled by varying the linker between a bR trimer and a QD receiving the light. AFM imaging revealed correlation between the known surface charge of QDs and their ordering degree on the surface of PM.^[@ref17]^ The most FRET-efficient QD-PM complexes have the highest level of QDs ordering, and their assembling design may be further optimized to engineer hybrid materials with advanced biophotonic and photovoltaic properties.^[@ref17]^

An increase in the QD/bR ratio used for assembling of QD-bR hybrid material leads to disappearance of the regular ordering of QD on the surface of the PMs, as shown in Figure [3](#fig3){ref-type="fig"}d. The data presume specific binding of QD with the bR trimers on the surface of the PM at the approximately one-to-two QD/bR molar ratios, followed by the formation of nonregular and nonordered multilayered QD-structures upon an increase in the QD/bR molar ratios.

![AFM images of bR within its natural PM (a,b) and the same images for the assemblies of PM with QDs (c,d). Panels a and b show an AFM image of bR trimers forming hexagonal crystal lattice with a period of ∼6.2 nm. Panel c shows that the disposition of quasi-epitaxied QDs on the surface of PMs corresponds to the hexagonal crystal lattice of bR with a period constant of 6.1 nm, nearly the same as for bR trimers.](jp-2014-02885s_0004){#fig3}

The bottom parts of the Figure [3](#fig3){ref-type="fig"}c,d show the AFM-profiles scanned along some parts of the blue lines indicated on the AFM-images in the corresponding middle panels. The period of QD organization on the PM upon assembling of hybrid material at the low (one-to-two) QD/bR ratio (6.09 nm, Figure [3](#fig3){ref-type="fig"}c) corresponds well to the period of bR trimers organization within the PM (6.2 nm).

4. Experimental Protocols: Protein Engineering of Cys247 bR and Covalent Attachment of Au to Cys Sulfhydryl Groups {#sec4}
==================================================================================================================

The bR mutant T247C *bop* gene was obtained as described by Sanz et al.^[@ref34]^ substituting the shuttle vector pXL by the site-specific integration vector pEF191 (kindly provided by Dr. Mathias Lubben). The mutated gene was transformed into the bR-deficient strain MPK409 and the clones were selected.^[@ref35]^ The mutation was confirmed from *H. salinarum* transformants by sequencing the *bop* gene from isolated DNA. Purple membrane was grown and purified following the standard procedure.^[@ref36]^

Cys247 bR at a concentration of 6.67 g/L was diluted 10 times in suspension buffer (150 mM KCl, 10 mM Tris-HCl, pH 8.2) to a final absorbance of 0.2 to 0.3 at 570 nm. We mixed 0.5 mL of this diluted bR solution in suspension buffer with 250 μL of incubation buffer (300 mM KCl, 10 mM Tris-HCl, pH 7.82), and this mixture was placed on the glass substrate coated with gold (Au) and incubated for 6 h for bR attachment. The container was kept in the dark during the attachment process, and the process was carried out at room temperature. After 6 h, the substrate was rinsed with incubation buffer several times, followed by drying at room temperature in the dark for 5 to 6 h and always kept under dark conditions.

After the rinsing, visual attachment did show pink and purple spots on the Au substrate. Demonstration of covalent attachment of Au is challenging. XPS and AFM provide indirect evidence of the covalent link between Au and SH groups.

5. Control of Degree of Orientation of Purple Membrane Films Using Kelvin Probe Force Microscopy Technique {#sec5}
==========================================================================================================

The degree of orientation achieved upon the preparation of highly oriented monolayers of bR-containing PMs and QD-PM hybrid materials should be carefully controlled if an efficient photovoltaic device needs to be prepared. Our suggested approach to the quality control of flame-annealed atomic-smooth gold coating with PMs is based on the Kelvin probe force microscopy (KPFM) technique. KPFM allows the distribution of the surface potential of a sample to be plotted with a high spatial resolution simultaneously with its topographic imaging^[@ref37]^ and was proved to be efficient for studying different photosensitive membranes,^[@ref38]^ including PMs.^[@ref39]^

The procedure of the quality control of PMs gold coating uses the setup shown in Figure [4](#fig4){ref-type="fig"} and combines surface probe microscopy (SPM, allowing for KPFM) and an inverted optical microscope. The inverted optical microscope is used for light irradiation, through a 20× objective; the light spot is localized precisely under the metallized SPM probe serving for measuring the surface potential and obtaining a topographic image.

The main criteria of the quality of the gold surface coating with the PMs are its high density, homogeneity, and high degree of orientation of the sedimented PMs. KPFM allows all of these parameters to be controlled simultaneously (Figure [4](#fig4){ref-type="fig"}). The coating density and homogeneity can be estimated using the statistical methods of roughness analysis.^[@ref41]^ Ideally, the sample surface should be extremely smooth, with RMS ∼1 Å and the maximum height variation corresponding to the only narrow peak of the roughness histogram; its value should be ∼5 nm, that is, approximately equal to the PM height. In this ideal case, there should be only two types of smooth plains differing in height by ∼5 nm: the area of the lower plain (the Au surface) is substantially smaller compared with the higher one (the PM surface).

The degree of PM orientation on the gold surface and KPFM images obtained in the dark and under illumination should be statistically compared. A halogen lamp can be used as a source of light, which is passed through a 495 nm long pass filter; the resulting incident illumination is 77 W/cm^--2^.^[@ref40]^ The change in the bR surface potential upon illumination is caused by its structural changes. It is known that upon illumination the surface potential of the cytoplasmic PM surface decreases by ∼10 mV and that of the external surface increases by ∼15 mV,^[@ref40]^ which is clearly seen in our experiment shown in Figure [4](#fig4){ref-type="fig"}. This behavior of the surface potential is explained by accumulation of protons on the external PM surface, where protons are injected as a result of the Schiff's base deprotonation upon the transition of the irradiated bR into the M form. The procedure of the quality control of the gold surface coating and degree of PM orientation should be performed under the conditions of controlled humidity (50--70%); the obtained highly oriented films may be further dried and used in liquid-free BSSC-based devices.

The main criteria of the quality of gold surface coating with the PM are the film high density and homogeneity (measured using AFM) and a high degree of orientation of the sedimented PMs (evaluated using KPFM). KPFM measures the changes in the surface potential upon illumination, which are opposite in sign for PM orientation to the gold surface with its cytoplasmic or external side of the membrane.

![Control of the purple membrane film density, homogeneity, and degree of orientation on the gold surface using the simultaneous atomic force microscopy and Kelvin probe force microscopy technique. Simultaneous atomic force microscopy (a) and Kelvin probe force microscopy (b) imaging of the purple membrane adsorbed on the gold surface is demonstrated. (c) Surface potential measurement of the purple membrane fragment in the dark and upon illumination. (d) Experimental setup.](jp-2014-02885s_0005){#fig4}

6. Conclusions {#sec6}
==============

If the efficiency of the proposed solid-state photovoltaic device is to be increased to practical levels, further development is needed, such as introducing light-trapping structures to boost the light-harvesting capacity of the molecular photoreceptors on the flat device surface, achievement of high orientation of active energy transferring monolayers of hybrid materials on the gold surface, and the possibility to control the structure, degree of orientation, and function of engineered photoactive monolayers. Here we study a novel nanobiohybrid material with advanced photonic and photovoltaic properties based on the unique optical characteristics of colloidal fluorescent QDs, the photovoltaic properties of bR, and the state-of-the-art nanobioengineering approaches, permitting spatial and optical coupling together with control of nano- and biocomponents in hybrid material.

Although several biomolecules could be considered for solar cell applications, bR has received considerable attention because of its long-term stability against thermal, chemical, and photochemical degradation and its desirable electric and photochromic properties, along with the ability to maintain its biological activity for many years. A specially designed mutant of bR with an engineered Cys at position 247 is immobilized on a gold substrate with a strong covalent bond similar to Cys3 bR also immobilized on gold substrate.^[@ref33]^ A combined AFM-KPFM approach permits the quality of coating and degree of orientation of the sedimented PMs and hybrid materials on gold surface to be controlled, thus providing the next step toward development of bR-based BSSC devices with advanced photovoltaic properties.

Some FRET efficiencies of the QD/bR systems exceed the values given by classical FRET theory formulated by Forster.^[@ref18]^ We now have a new theory^[@ref19]^ explaining these discrepancies. However, our current treatment of vibration is still simple and could benefit from further studies and refinements. In fact, it is well understood that proteins are not static structures^[@ref41],[@ref42]^ but rather dynamic bodies that exhibit motions over a wide range of time and length scales. These motions are especially relevant to optimizing energy transfer from bR to metal-oxide surfaces through the two mechanisms central to the function of this biosensitized cell. First, bR proton pumping mechanism is predicated on motions throughout the α-helical structures initiated by the retinal cis--trans conformation transitions induced by photon adsorptions^[@ref43],[@ref44]^ FRET transfer efficiencies are highly dependent on the distances from acceptor and donor up to 15 nm. Within this spatial range, energy-transfer efficiencies are inversely proportional to the sixth power of the distance between energy donor and acceptor, and the variations in acceptor/donor distances due to perturbations in protein structure fall within these spatial scales^[@ref45],[@ref46]^ and are hypothesized in this paper to play a significant role in determining charge-transfer efficiency from the excited protein to metal oxide collector. In the case of the proposed QD enhanced biosolar cell, bR is covalently attached to inorganic semiconductor surfaces. The effects of the anisotropic forces normally found at interfaces on protein dynamics are not yet well understood; several studies have linked protein flexibility with solvent interactions.^[@ref47]−[@ref49]^ Furthermore, Chin and Somasundaran have reported increased enzyme performance in the presence of surfactant aggregates via enhanced flexibility in the protein structures.^[@ref50]^

This material is available free of charge via the Internet at <http://pubs.acs.org>.
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